The shear extrusion processing combined with bulk mechanical alloying is proposed to yield the n-type Bi-Te-Se material from elemental granules. It has well-developed texture so as to improve the electric conductivity and thermoelectric properties. The shear extrusion processing of (Bi 2 Se 3 ) 0:05 (Bi 2 Te 3 ) 0:95 alloy green compact can afford the preferred orientation factor of anisotropic crystallographic structure: F ¼ 0:67. The electric resistivity of (Bi 2 Se 3 ) 0:05 (Bi 2 Te 3 ) 0:95 is controlled to be 0:491 Â 10 À5 (m), which is 0.2 times lower than that of hot-pressed specimen. Maximum power factor is achieved to be 3:31 Â 10 À3 (W/mK 2 ) even without any dopants. The bending strength of the material produced in this work is also improved to be 166 MPa, 1.7 times higher than that of conventional hot-extruded specimens.
Introduction
The Bismuth telluride of Bi 2 Te 3 has a rhombohedral structure (a ¼ 0:438 nm and c ¼ 3:049 nm) and belongs to the space group R 3 3m. This crystallographic structure is composed of a five-layer stacking sequence unit of Te ð1Þ -BiTe ð2Þ -Bi-Te ð1Þ . Its successive units have the weak van der Waals bonding at the interface of neighboring Te ð1Þ planes. 1, 2) Since the cleavage fracture easily occurs along this weak bonding plane, the single crystal is difficult to use as the thermoelectric devices. In order to overcome this difficulty, the powder metallurgy method was selected for commercial application of Bi-Te materials. The Bi-Te based compounds have the highest figure of merit at room temperature. Since the thermoelectric properties along the a-axis is superior to those along the c-axis, the single crystal has a preferred anisotropy to increase the thermoelectric properties. 3, 4) The polycrystalline material fabricated via the conventional sintering method has homogeneous microstructure. Since each grain has random orientation, the original crystallographic anisotropy disappears in the sintered polycrystalline materials and their figure-of-merit becomes lower than that of the single crystal. In order to attain higher strength and crystallographic anisotropy at the same time, it is important to exploit a new method to control texture formation during sintering. Highly oriented polycrystalline materials by texture formation are thought to have the same crystallographic anisotropy as the single crystal.
The alloyed green compacts of (Bi 2 Se 3 ) 0:05 (Bi 2 Te 3 ) 0:95 is prepared from elemental granule mixture by the bulk mechanical alloying (BMA). As suggested by Ref. 5), submicron compound particles produced via BMA are thought to be effective in texture formation during intense shear straining. The shear extrusion (SE) process is employed to enhance the texture development. This process is directly observed to understand the phenomena of grain rotation and laminated grain growth during intense plastic deformation.
The correlation between the texture and the thermoelectric properties is discussed to evaluate the controllability of thermoelectric properties by shear extrusion. The favored texture formation is attained even by a single-step shearstraining. Higher bending strength than 150 MPa can be obtained by the fine-grained microstructure after shear extrusion.
Experimental Procedure
Elemental granules of Bi (99.999%, 2-5 mm), Se (99.999%, 1-5 mm) and Te (99.999%, 1-5 mm) were weighed to have the initial molar ratio with the formula of (Bi 2 Se 3 ) 0:05 (Bi 2 Te 3 ) 0:95 , before blending. The blended granule mixture was subjected to BMA for the specified number of cycles (N). Details of BMA were reported elsewhere.
5)
The final product is a high-dense alloyed compact ( ¼ 25 mm, h ¼ 21 mm) with the relative density, 85-90% of the theoretical density, or 85-90% T.D.
In the present experiment, as-BMA preform was pulverized and sieved to have the average agglomerated particle size of 125 mm. The compacted preform ( ¼ 10:5 mm, h ¼ 15 mm, 85% T.D.) was prepared from the sieved particles for shear extrusion. In the shear extrusion process, the crosshead speed was kept constant at 0.5 mm/min. The holding temperature was varied ranging from 643 to 713 K in argon atmosphere. Crack-free sample was fabricated with the size of (a) L ¼ 45 (mm), W ¼ 10 (mm) and T ¼ 2 (mm), and, (b) L ¼ 70 (mm), W ¼ 10 (mm) and T ¼ 2 (mm), as shown in Fig. 1 .
The mechanical properties were measured at room temperature by three-point bending test under a crosshead speed of 0.5 mm/min. The van der Pauw method was employed to measure the electric resistivity at room temperature. Temperature difference by 10 K was applied to both ends of the sample to measure the Seebeck coefficient at room temperature. Differential thermal analysis (DTA) was performed at the heating speed of 10 K/min with the Shimadzu Differential Thermal Analyzer. X-ray diffraction analysis (XRD) was used to investigate the rearrangement of crystal * Graduate Student, The University of Tokyo orientation. The grain rotations and texture development during shear extrusion were observed by scanning electron microscopy (SEM). Figure 3 (a) illustrates the slip line field produced by shear extrusion. After V. M. Segal, 6) the plastic flow in the shear extrusion is described in what follows. The area ABC denotes for a 'dead' metal zone where no plastic deformation takes place. The material plastically deforms at the range from AO to the outlet OD. The triangular area ODE in this crosssectional view corresponds to a rigid zone accompanied by maximum friction along DE. The gray-colored unit cell of area ODE is continuously affected by the deformation on the same slip line located at the area OACD. The deformation history of shear-extruded unit cell is similar to the all elements. At the near of point 'O', severe shear strain is applied uniformly to the sample, which is pushed down vertically at the constant velocity. The applied true shear strain is estimated, " ¼ 1:16. This value is sufficiently high enough to enforce the fine-grained texture. 7) Figure 3 (b) depicts the load-displacement curves measured during shear extrusion. The curves consist of three different steps irrespective of the holding temperature during extrusion. Two frictional forces must be taken into account to consider the application of loading. During the (A)-region, relatively low load is applied against the frictional force f 1 along the vertical channel. In this stage, any unit cells of green compact do not reach the bottom BD. The (B)-region in Fig. 3(b) corresponds to the transient state where the backpressure from the channel begins to increase. In the (C)-region, the applied load monotonically increases with displacement since unit cells are subjected to plastic strain by high backpressure.
Texture formation by shear extrusion
The plastic work (W p ) was calculated from the on-line measured load-displacement curve. various holding temperature. W p monotonically decreases with increasing the holding temperature. In general, W p is roughly estimated by
where e and _ " " e are the equivalent stress and strain rate, respectively, and V, the volume of a material. In the same extrusion process, _ " " e might be assumed to be constant, irrespective of the holding temperature. Further assuming that the whole materials except for the dead zone does deform plastically and e is given by the flow stress ( f ), eq. (1) is rewritten by
where C is the proper constant. Hence, the above monotonic decrease of W p with increasing the holding temperature mainly comes from the monotonic decrease of the flow stress with temperature. SEM micrographs at the same position, P, above AO line are compared in Fig. 4 between (B)-region and (C) -region in the loading history. In the (B) region, the material has nearly the same microstructure as the green compact. Low densification took place and elongation of grains was hardly observed in Fig. 4(a) . On the other hand, densification advanced significantly by the effect of high backpressure. The elongated grains by plastic deformation were observed in the (C)-region, as shown in Fig. 4(b) .
Significant texture formation is driven by the shear extrusion in the inside of ABDEO area. As shown in Fig. 5 , SEM micrographs taken at the different positions in this area are used to describe the texture formation during the shear extrusion at 663 K. In parallel with the macroscopic plastic flow around the L-shaped corner in the shear extrusion process, each constituent grain is well aligned in the intense shear-strained region. The well-aligned grain inevitably leads to the high orientation factor and further results in the low electric resistivity. Figure 6 shows the SEM fractographs of the specimens, shear-extruded at various holding temperatures. In all the specimens, the whole grains were aligned to have the preferred orientation along the extruded direction. At the relatively low temperature, T ¼ 643 K, the size of laminated grain is about 4 mm. At T ! 663 K, the uniform grain growth was observed; the average grain size is 8.5 mm. Relatively large grain as well as homogeneously laminated grain at T ! 663 K enhances electric conductivity by the reduction of grain boundary scattering along shear-extruded direction.
Correlation between the texture and electric resistivity
To measure the bending strength of shear-extruded specimens, three-point bending tests were carried out. Table 2 shows the bending strength at the various holding temperature for the n-type (Bi 2 Se 3 ) 0:05 (Bi 2 Te 3 ) 0:95 compound. The average bending strength of shear-extruded specimen at 663 K reaches about 166 MPa. This value is 1.7 times higher than that of the conventional hot-extruded n-type (Bi 2 Se 3 ) 0:05 (Bi 2 Te 3 ) 0:95 compound. 8) This high strength leads to improvement of handling and machinability in fabrication of thermoelectric modules and increases reliability of modules under extreme service condition. Figure 7 compares the XRD profiles of (Bi 2 Se 3 ) 0:05 -(Bi 2 Te 3 ) 0:95 between the powder sample and the extruded specimens. The former sample was made by pulverizing the shear-extruded specimen. Higher intensities are detected along the orientation perpendicular to the shear-extruded direction: e.g., of (0015) or (0018) in R 3 3m for Bi 2 Te 3 . This texture development along (00l) direction proves that significant grain rotation should be accompanied with severe shear deformation to make arrangement of crystalline orientation. From this XRD observation, the orientation 
where p is the ratio of the integrated intensity along (00l) directions to the whole integrated intensity for all (hkl) directions for the texture-developed bulk specimen, and p o is the ratio of the integrated intensity along (00l) directions to the whole integrated intensity for all (hkl) directions for the powder sample which was used as a reference. The calculated orientation factor for each specimen was shown in Fig. 8 . At the relatively low sintering temperature, T ¼ 663 K, the maximum orientation factor of (Bi 2 Se 3 ) 0:05 (Bi 2 Te 3 ) 0:95 is 0.67. This high orientation factor leads to minimization of electric resistivity up to 0:491 Â 10 À5 (m) by the texture formation along a-axis.
In general, the electric resistivity () in (Bi 2 Se 3 ) 0:05 -(Bi 2 Te 3 ) 0:95 solid solution has high sensitivity to the crystallographic orientation or F. In the case of the single crystal of (Bi 2 Se 3 ) 0:05 (Bi 2 Te 3 ) 0:95 doped with 0.06% HgBr 2 , F is 1.0 and is 0:95 Â 10 À5 m. 10) On the contrary, the hot pressed sample has F ¼ 0:03 and ¼ random ¼ 2:40 Â 10 À5 m. 11) Hence the shear-extruded specimens might further lower the value of electric resistivity by the control of F. Figure 9 depicts the correlation between the orientation factor (F) and the electric resisitivity () in (Bi 2 Se 3 ) 0:05 -(Bi 2 Te 3 ) 0:95 solid solutions. For F > 0:6, the measured resistivity becomes nearly equal to or less than that of the single crystals with F ¼ 1. Hence, the electric resistivity can be sufficiently lowered to that for single crystals when F is increased to be higher than 0.6 by the shear extrusion process, irrespective of the holding temperature. Figure 10 depicts the variation of electric resistivity and Seebeck coefficient with increasing the holding temperature. Variation of the Seebeck coefficient with increasing the holding temperature is similar to that of electric resisitivity. After Ref. 12), when assuming the Boltzmann distribution for the electron, the relationship between Seebeck coefficient and electric resisitivity at the temperature T is given by
Power factor
where k B is the Boltzmann constant, e, the electronic charge, m Ã , the effective mass, n, the carrier concentration, h, the Plank's constant, s, the scattering parameter and C, the constant. The first term s Ã in the right-hand side of eq. (5) depicts the scattering contribution and the second term, lnðnÞ, the carrier concentration contribution to Seebeck coefficient (), respectively. When the material has the similar texture, scattering mode is nearly the same. Hence, in this work, the variation of Seebeck coefficient with the extrusion temperature is mainly controlled by the carrier concentration. According to Ref. 13) , the Seebeck coefficient is not dependent on the carrier mobility (). By the relationship of ¼ 1=ðneÞ, $ lnðÞ. The Seebeck coefficient is directly related to the electric resistivity when the scattering parameter is almost the same. Thermoelectric relationship by eq. (4) reflects on the result in Fig. 10 .
The measured power factors are shown in Fig. 11 with increasing of the holding temperature. At T ! 663 K, the power factors become nearly constant, P ' ð3 Â 10 À3 ) W/mK 2 . The maximum power factor is 3:31 Â 10 À3 W/ mK 2 . Table 3 compares the thermoelectric properties among the single crystal, the hot-pressed sample and the shearextruded sample. Significant reduction of electric resistivity takes place by shear extrusion, resulting in high power factor than that of hot-pressed sample. With doping of BN, Mg 2 Si, or Si 3 N 4 , the Seebeck coefficient can be increased by decreasing the carrier concentration and by increasing the electric resistivity to the same level as the doped single crystal. The power factor of shear-extruded sample is improved as comparable to that of the single crystal by optimization of doping.
Conclusion
The crack-free thermoelectric plate with the thickness of 2 mm was successfully produced by the bulk mechanical alloying and shear extrusion process. It is noticeable that the preferred anisotropic crystallography and high strength is attained simultaneously by shear extrusion. The anisotropy of specimen is related to the shear extrusion temperature: F ¼ 0:52 at T ¼ 664 K, or F ! 0:54, F max ¼ 0:67 at T ! 663 K.
This highest orientation factor (F max ¼ 0:67) leads to the lowest of the electric resistivity, 0:491 Â 10 À5 (m). Thermoelectric properties of (Bi 2 Se 3 ) 0:05 (Bi 2 Te 3 ) 0:95 are enhanced by shear-extrusion: e.g., higher power factor of 3:31 Â 10 À3 W/mK 2 than that of hot-pressed specimens.
Shear-extruded (Bi 2 Se 3 ) 0:05 (Bi 2 Te 3 ) 0:95 also has high bending strength of 166 MPa, which is 1.7 times higher than that of conventional hot-extruded specimen. The present shear extrusion process is also effective for intense shear-straining of the bulk thermoelectric materials. It is adaptive as a new processing route to control the thermoelectric properties even when starting from the single-crystal rod. 
